The desiccation-tolerant moss Tortula ruralis [Hedw.] Gaerten., Meyer & Scherb. has both a constitutive protection system and an active rehydration induced recovery mechanism apparently unique to bryophytes. Immediately following rehydration, desiccated T. ruralis gametophytes produce a set of polypeptides whose synthesis is unique to the rehydrated state. We report the construction of a cDNA expression library from the polysomal mRNA of desiccated gametophytes and the single-pass sequencing of randomly selected clones. 152 expressed sequence tags (ESTs) were generated representing more than 60,000 bp of non-redundant DNA sequence. 44 ESTs (29%) demonstrated significant uomology to previously identified nucleotide and/or polypeptide sequences, such as ribosomal proteins, desiccation-related peptides, early light-inducible proteins and a V-type ATPase. Analysis of a subset of these homologous ESTs reveals that codon preference in T. ruralis is similar to that of vascular plants, particularly the Magnoliopsida. 108 ESTs (71%) demonstrated no significant homology to deposited sequences and represent a large number of novel plant genes. Analysis of these ESTs will define the range of genes involved in cellular repair and recovery and may provide greater insight to the complex phenotype of vegetative desiccation-tolerance.
capable of surviving desiccation ranging from bacteria to the much more complex multicellular insects and arthropods. Most plants are capable of producing desiccationtolerant tissues, in particular seeds, spores and pollen, but few can survive the drying of their vegetative structures. Bewley (1979) established three criteria which must be satisfied in order for a plant to survive severe water deficits:
(1) damage must be limited to a repairable level, (2) physiological integrity must be maintained in the dehydrated state and (3) repair mechanisms must exist which function upon rehydration. The ability of desiccation-tolerant bryophytes to survive relatively rapid desiccation requires the establishment of a rapid response mechanism. Studies into the response to desiccation and rehydration of T. ruralis have led to the conclusion that this bryophyte has a constitutive protection system and an active rehydration induced recovery mechanism . This is in contrast to the strategy proposed for the modified desiccation-tolerant angiosperm Craterostigma plantagineum which utilizes a drying induced elevation of abscisic acid to trigger the accumulation of gene products that mediate the establishment of a cellular protection system prior to desiccation (Ingram and Bartels 1996, Oliver and Bewley 1997 ).
The capacity for T. ruralis to rapidly recover synthetic metabolism upon rehydration has been firmly established (Bewley 1979, Bewley and Oliver 1992) . Immediately following rehydration, desiccated T. ruralis produces a set of polypeptides whose synthesis is unique to the rehydrated state. Novel transcripts are not synthesized during desiccation or upon rehydration, although the pattern of protein synthesis within the first two hours of rehydration is altered from that of hydrated controls (Oliver 1991) . Scott and Oliver (1994) isolated 18 separate rehydrin cDNAs that represent mRNAs present in hydrated moss cells but are present in greater amounts in the polysomes of rehydrated gametophytes compared with those from undesiccated moss. This accumulation of transcripts during drying in polysomal fractions occurs when gametophyte polysomes have been fully depleted, i.e. protein synthetic activity is completely inhibited (Oliver and Bewley 1997) , and suggests the formation of messenger ribonucleoprotein particles. Spirin and his coworkers (1964) first described mRNPs in fish and sea urchin embryo cytoplasmic extracts. mRNPs are common in eukaryotic systems (Davidson 1986 ) and their formation has been demonstrated in desiccated tissues of angiosperms (Pramanik et al. 1992) and T. ruralis (Wood and Oliver unpublished data). The formation of mRNPs in response to protoplasmic water loss and their possible roles in regulating gene expression has important consequences for the study of vegetative desiccation-tolerance. Posttranscriptional gene control at the level of mRNA stability, protein turnover or translational efficiency provides a sensitive and flexible response to environmental stresses (Gallie 1993 ) that allows for the rapid synthesis of proteins that mediate survival of the desiccated vegetative cells once water is returned to the plant.
Structural analysis of genomes by large scale singlepass sequencing of randomly selected cDNA clones was pioneered using human brain tissue (Adams et al. 1991 (Adams et al. , 1992 and has been a powerful technique for the discovery of new genes (Boguski 1995) . The analysis of expressed sequence tags (ESTs) has subsequently been applied to a number of model vascular plants, most notably Arabidopsis (Hofte et al. 1993 , Cooke et al. 1995 , Newman et al. 1994 , maize (Keith et al. 1993 , Shen et al. 1994 , and rice (Sasaki et al. 1994 , Liu et al. 1995 . This powerful analytical technique has only recently been applied to a desiccation-tolerant angiosperm Craterostigma plantagineum (Bockel et al. 1998 ) and a bryophyte Physcomitrella patens (Reski et al. 1998) . In this report, the characterization of ESTs is extended to the desiccation-tolerant bryophyte Tortula ruralis. We describe the construction of a cDNA expression library from the polysomal mRNP fraction of desiccated gametophytes and the single-pass manual sequencing of randomly selected clones. We hypothesize that genes essential to recovery and cellular repair are expressed within the mRNP fraction of desiccated gametophytic tissue. Analysis of these ESTs will define the range of genes involved in cellular repair and recovery and may provide greater insight into the complex phenotype of vegetative desiccation-tolerance.
Materials and Methods
Plant material-Gametophytes of Tortula ruralis [Hedw.] Gaerten., Meyer & Scherb. were collected, harvested and desiccated as described previously (Scott and Oliver 1994) .
RNA isolation and cDNA library construction-Desiccated gametophytic tissue was ground under liquid nitrogen using a mortar and pestle. Polysomal RNA was isolated using a low salt extraction buffer (200 mM sucrose, 200 mM Tris-HCl pH 8.5, 60 mM KC1, 50 mM magnesium acetate, 5 mM DTT, 5 mM EGTA, \% (v/v) NP-40, 0.5% (v/v) deoxycholate, 100 mg ml-' heparin, 50#gml~' cycloheximide, and 10 mM ribonucleoside-vanadyl complex). The 27,000 xg supernatant was layered over a sucrose pad (1.5 M sucrose, 40 mM Tris-HCl pH 8.5, 20 mM KC1, 10 mM magnesium acetate, 5 mM DTT, lOOmgml" 1 heparin) and centrifuged at 100,000xg for 90 min in a 50TI ultracentrifuge rotor (Beckman Scientific, Fullerton, CA, U.S.A.). The polysomal RNA was solubilized in extraction buffer (100 mM Tris-Cl pH 7.0, 80 mM NaCl, 10 mM EDTA, 1% w/v SDS) and poly(A + ) mRNA was purified using the PolyATract isolation system (Promega, Madison, WI, U.S.A.) according to the manufacturers instructions. A directionally cloned (EcoRl/Xhol) cDNA library of 1.5 x 10 6 primary transformants was constructed in phage lambda (Uni-ZAP XR, Stratagene, LaJolla, CA, U.S.A.). The library was amplified and cDNA inserts were subcloned by mass in vivo excision to pBluescript II SK(-) as described by the manufacturer (Stratagene). Individual recombinant colonies were randomly selected for plasmid DNA purification. Template preparation and sequencing was performed manually by the authors as described below. The initial 12 ESTs characterized represent the Tr cDNA clones described by Scott and Oliver (1994) .
DNA sequencing and sequence data analysis-Plasmid DNA was isolated following the akali lysis protocol according to Sambrook et al. (1989) . All plasmid DNAs were sequenced directly with the T7 universal primer. Further sequencing of the opposite strand using the T3 universal primer was done for selected plasmids for which the 3' T7 generated sequences showed significant similarity to known genes (see below). The dideoxy chain termination method of Sanger (1981) was employed using [ 35 S]-dATP and SequiTherm Excel II (Epicentre Technologies Corp., Madison WI, U.S.A.) following the manufactures protocol for non-cycle sequencing. Resulting DNA fragments were electrophoresed on 6% acrylamide gels, fixed, and exposed to film using standard techniques. Sequences were read manually with typical reads of 350-500 bp. The 12 initial ESTs (Scott and Oliver 1994) were sequenced using drhodamine terminator cycle sequencing as described by the manufacturer (PE Applied BioSystems, Foster City, CA, U.S.A.) using a Perkin-Elmer (Applied BioSystems) Model 373 XL automated DNA sequencer by the Recombinant DNA/Protein Resource Facility (Oklahoma State University, Stillwater, OK, U.S.A.). These sequences were then read into Vector NTI (InforMax, North Bethesda, MD, U.S.A.) which was used for sequence assembly, analysis and homology searches. Poor quality and vector sequences were removed manually. LA-LIGN (vega.igh.cnrs.fr/bin/lalign-guess.cgi) was used to align the DNA and deduced amino acid sequences. Sequence similarities of the EST sequences to nucleotide sequences in GenBank, EMBL, DDBJ, and PDB databases were determined using the FASTA and BLASTN server (Pearson and Lipman 1988, Altschul et al. 1990 ) as described by Bockel et al. (1998) . Nucleic acid identity of more than 59% over the entire region determined by FASTA and PAM120 scores greater than 150 as determined by BLASTN were considered to represent significant sequence similarity. ESTs with no significant homology to other nucleotide sequences were translated in the six ORFs and the putative deduced amino acid sequences were compared to the non-redundant protein databases (PIR, Swiss-Prot, GenBank CDS Translations and PDB) using the BLASTX search engine (Altschul et al. 1990 , Pearson 1991 . PAM120 scores of greater than 80 were considered to indicate significant sequence similarity (Newman et al. 1994 , Pearson 1991 . Codon usage was determined using software available on-line at the Virtual Genome Center (alces.med.umn.edu/ VGC.html).
Results and Discussion
Sequencing of random cDNA from desiccated Tortula ruralis-T. ruralis has both a constitutive protection system and an active rehydration induced recovery mechan-ism apparently unique to bryophytes . In response to desiccation, a stable mRNA pool is established (Oliver and Bewley 1984) , rehydrin mRNAs are synthesized (Scott and Oliver 1994) and mRNPs are formed (Wood and Oliver unpublished data). Upon rehydration, gene expression is mediated primarily at the posttranscriptional level by differential selection and/or recruitment by the translational machinery from a qualitatively constant mRNA pool (Oliver 1991) (Fig. 1) . We hypothesize that the initial potentially lethal damage is repaired within the first hours of rehydration, in prelude to the longer term repair and recovery of cellular components, and that this recovery and repair is mediated by the expression of rehydrins (Oliver and Wood 1997, Oliver et al. 1998) . We believe that genes central to recovery and cellular repair are expressed within the mRNP fraction of desiccated gametophytic tissue. Testing our hypothesis is predicated upon the isolation and characterization of mRNAs (i.e. ESTs) associated with this mRNP fraction.
We constructed a library of 1.5 x 10 6 primary transformants by the unidirectional insertion of oligo-dTprimed cDNA into A Uni-ZAP XR using polysomal mRNA derived from desiccated garnetophytes. The amplified phage library was converted to a plasmid library by mass excision to a phagemid vector (Short et al. 1988 ). Individual clones were picked at random from the plasmid library and the majority of cDNA inserts selected for sequencing ranged from 500-1,500 bp. Manual single-pass sequencing was carried out on more than 220 clones using the standard T7 plasmid primer which anneals to the 3' end of the inserted cDNA. Of these 220 reactions, 140 produced readable DNA sequence of 350-500 nucleotides each and more than 60,000 bp of non-redundant sequence was generated. Each EST, including the 12 Tr clones described by Scott and Oliver (1994) , was used as a query sequence in searching the non-redundant database at NCBI using the BLASTN or BLASTX search programs as described.
Homologues to known genes-Of the 152 T. ruralis ESTs, 44 (29%) were significantly similar to DNA and/or amino acid primary sequences from other organisms. A synopsis of the homologues identified by this analysis is shown in Table 1 The putative functional identity of each gene was established by sequencing > 375 bp of the 3' end of each cDNA. Only those genes that exhibited significant similarity at both the nucleotide level (>60% identity) and amino acid level (PAM120>120) are presented. "Identity" and "Overlap" refer to comparisons at the nucleotide level, "Species" refers to the organism that exhibited the greatest similarity to T. ruralis. " Two copies of this clone have been identified. * Non-plant species. c Also known as Trl55. d Also known as Tr213.
and Nickrent 1999) and the rehydrins Trl55 (U40818) and Tr288 (U21679) (Scott and Oliver 1994) .
The 27 ESTs that exhibited significant nucleic acid similarity as determined by BLASTN (see Materials and Methods) are presented in Table 2 . Seven ESTs encode either small (S) or large (L) ribosomal subunit proteins: RNP4 (L15), RNP20 (S14), RNP37 (S16), RNP47 (L23), RNP66 (L22), RNP114 (L30), and RNP128 (S8) (see Browning 1996 for review). RNP10 had significant similarity to the H + -conducting c subunit of Vacuolar-H + -ATPase (Perera et al. 1995) . The plant vacuole plays a central role in maintaining pH and ionic homeostasis within a cell (Taiz 1992) . V-type ATPases acidify the vacuolar lumen and create a proton motive force capable of driving the secondary transport of numerous ions and metabolites across the tonoplast. RNP82 and RNP126 have high similarity to the 10 kDa protein of photosystem II (PSII) (Kim et al. 1995) . Homologues to this protein have also been identified as EST C35 in P. patens (Reski et al. 1998 ) and EST clone 54 in C. plantagineum (Bockel et al. 1998) . The 10 kDa protein is suggested to be an essential element in the proper assembly of the water oxidation complex (Lautner et al. 1988) . The genes described could restore translational competence, re-establish pH and intercompartmental ion balances and mediate chloroplast biogenesis-all key components of the postulated desiccation recovery mechanism in T. ruralis.
The 17 ESTs that exhibited significant deduced amino acid similarity only, as determined by BLASTX (see Materials and Methods), are presented in Table 3 . Four Only those genes that exhibited significant similarity at the amino acid level (PAM12O80) are presented. "Identity" and "Overlap" to comparisons at the amino acid level, "Species" refers to the organism that exhibited the greatest similarity to T. ruralis.° Two copies of this clone have been identified. * Non-plant species.
refer ESTs had significant similarity to desiccation-inducible cDNAs previously isolated from C. plantagineum. RNP34 and RNP80 have high similarity to DSP-22 (Bartels et al. 1992) . DSP-22 mRNA levels are increased by light and dehydration-stress. DSP-22 is homologous to a class of early light-inducible proteins that are hypothesized to stabilize photosynthetic structures within the chloroplasts of C. plantagineum during desiccation and ameliorate rehydration-induced damage (Ingram and Bartels 1996) . RNP29 and RNP92 have high similarity to pcC3-06 (Piatkowski et al. 1990 ). The pcC3-06 mRNA is inducible by both dehydration-stress and ABA treatment in a variety of tissues within C. plantagineum. The deduced amino acid sequence predicted by pcC3-06 has some regions of homology to LEA protein D-29 (Baker et al. 1988) and is predicted to form an amphiphilic helix. The conservation of this 11-amino acid helical motif has led to speculation that it is central to the yet unknown function of dehydrins (Dure 1993) . RNP34, RNP80, RNP29 and RNP92 are similar to genes whose expression is not unique to desiccation-tolerant tissues or organisms. However, expression of these genes may be central to desiccation-tolerance and play important roles in recovery and the repair of rehydration-induced damage.
Codon preference in Tortula ruralis-Codon preference was determined using the deduced amino acid sequences from 12 ESTs with defined ORFs that exhibited near complete identity to their plant homologues (8 ribosomal proteins and 4 chloroplast associated proteins). The resulting data was compared to codon preference of homologous genes in both the Magnoliopsida (dicots) and Liliopsida (monocots) ( Table 4) . Analysis of this set of deduced polypeptide sequences reveals that codon usage in T. ruralis is very similar to that of angiosperms, particularly the Magnoliopsida (Murray et al. 1989) . Only 12 codons were determined to be more similar to the Liliopsida than Magnoliopsida: F (UUC), L (CUG), V (GUG), S (UCG), R (CGC), P (CCC, CCG), T (ACG) A (GCG), stop (UAG), N (AAC) and K (AAG). Analysis by Reski et al. (1998) found that in the bryophyte P. patens codon preference among 22 EST sequences was also very similar to that of the Magnoliopsida. The determination of codon preference in T. ruralis has major implications for the potential use of these genes in transgenic plants. We are confident that T. ruralis will be a source of novel genetic material for the improvement of drought-, and desiccation-tolerance in crop plants. Codon usage, at least for these 12 genes, is similar to that of vascular plants and is suggestive that genes from T. ruralis will be properly and efficiently expressed as transgenes.
Isolation of novel genes-108 (71%) ESTs demonstrated no significant homology, based upon BLAST searches, to nucleotide and/or deduced amino acid sequences deposited in the databases. Similar results, i.e. a large percentage of unidentified clones, have been obtained in EST studies from human brain tissue (83%; Adams et al. 1992 ), cytokinin-treated P. pa/eras (52%; Reski et al. 1998 ), drought-stressed C.plantagineum (51%; Bockel et al. The deduced amino acid sequences of 12 T. ruralis ESTs, which exhibited significant identity to known plant genes, are compared to their monocot (Magnoliopsida) and dicot (Liliopsida) homologues. Values presented are the % each codon was used for a particular amino acid (AA). Single letter amino acid abbreviations are used.
1998) and ABA-treated P.patens (55%; D.J. Cove, University of Leeds, U.K., personal communication). We postulate several reasons why we obtained such a large number of novel EST clones in T. ruralis: (1) the underrepresentation of angiosperm DNA sequences in the databases, (2) the near absence of bryophyte DNA sequences in the databases, (3) the unique nature of the plant material (i.e. moss gametophytes), (4) the unique physiological state (i.e. desiccated material) and (5) the nature of the experimental protocol (i.e. sequencing 3' cDNA ends). It should be observed that the lack of codon usage differences between mosses (i.e. T. ruralis and P. patens) indicates that the inability to identify clones is not likely due to a particular bias in base pairs or sequence divergence. Regarding the latter, note that the identified genes do not show extreme bias but rather exhibit the levels of divergence one would predict in any angiosperm-bryophyte sequence comparison.
We have identified a large number of novel plant genes that may be essential to vegetative desiccation-tolerance; as in other systems, single-pass sequencing of randomly selected cDNA clones has been a powerful tool for the identification of new genes. We have significantly increased the number of cDNAs available in T. ruralis more than 30-fold. Analysis of these novel genes will expand our conception of the mechanisms involved in cellular repair and recovery and will provide greater insight into the complex phenotype of vegetative desiccation-tolerance. Understanding the fundamental biochemical and genetic basis of desiccation-tolerance and its relationship to drought-tolerance may help solve the long-term problem of crop losses due to water deficits. Model plants, such as T. ruralis, that exhibit stress tolerant traits are useful tools in elucidating the processes involved in tolerance and may provide unique genetic material that can impact breeding programs for improved crop stress management.
